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ABSTRACT

The separated flow environment induced by underexpanded rocket plumes during boost phase

of rocket vehicles has been investigated. A simple seml-emplrlcal model for predicting the

extent of separation was developed• This model offers considerable computational economy

as compared to other schemes reported in the literature, and has been shown to be in good

agreement with limited flight data. The unsteady pressure field in plume-lnduced separated

regions was _nvestlgated. It was found that fluctuations differed from those for a r|gld flare

only at low frequencies. The major d_fference between plume-lnduced separation and

flare-lnduced separation was shown to be an increase in shock oscillatlon distance for the

plume case. The predlcfion schemes were applied to PRRshuttle launch configuration. It

was found that fluctuating pressuresfrom plume-lnduced separation are not as severe as for

other fluctuating environments at the critical flight condition of maximum dynamic pressure.
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1.0 INTRODUCTION

During atmospheric flight, the external surfaces of the space shuttle vehicles will be subjected

to hlgh intensity acoustic and fluctuating pressure environments. Wyle Laboratories is engaged

in a research program under NASA-MSFC Contract NAS8-26919 to develop rellable methods

of predicting critical acoustic and Fluctuating pressure environment trends during space shuttle

_._ FI;ght. In the course of this program, Fluctuations _ssoclated with various attached and

separated flow environments have been defined and quanfitatTve predlctlon formulae developed

-__ (References 1-7). Among the most severe fluctuating envlronments are those associated with

•compresslon induced separated flow and shock oscillatlon. These are associated with protu-

berances and flares in the vehicle geometry, and, as descrlbed below, exhaust plumes.

During the boost phase of atmospheric flight, engine exhaust material forms an effective

afterbody. When the e_'haust is hlghly underexpanded (nozzle exit pressure much greater than

Free-stream pressure) the resultant plume can be significantly larger than the vehicle itself.

Under these condltions, compression induced separation may exist over a significant area of

the vehlcle due to plume interference. When the Reynolds number is high enough so that the

, flow field may be treated as invlscld flow plus boundary layer (with strong interactions occurrlng

only locally at separation points), plume effects may be treated by considering the plume to be

an afterbody whose surface corresponds to the dividing streamline between exhaust material

i and the amblent. CalculaHon of the flow field is more dlfficult than For a rigid body because

th._ plume shape ts impllcltly dependent on the pressure field. Because the equivalent plume

"body" is a dividing streamline and may respond to pressure fluctuations, the fluctuating flow

environment cannot be assumed a prlori to correspond exactly to that of a rlgid afterbody.

In this report, the Fluctuating pressures assoclated with plume ir,duced separation are examined.

: The basic properties of supersonlc flow separation and of highly underexpanded rocket plumes

are first discussed, _nd an approxlmate model For separaHon length and steady properties is

presented. Although more elaborate models may provide more accurate predictions of

separation lengths, the simple model employed clearly exhlblts the overall scallng properties

of plume-lnduced separation. The flow properHes deduced From thls model are then applied to

the known properties of Fluctuating pressures assoclated wlth separation by rlgld flared bodles.

- 1973020190 TSA11
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_ Antlcipated departures from these properties due to the non-Hgid nature of the plume are

;i TdentTfled. These include fluctuations of the plume itself due to combustion instabilities.

:iI Finally, predictions of boost phase plume-induced fluctuatTng pressures are made for a

,_ preliminary shuttle configuration and mission.

i.
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2.0 PLUME-INDUCED SEPARATEDFLOW FIELDS

i

1 The basic flow configuration of interest is illustrated in Figure 1. There are three distinct

¢ regions: exhaust flow, outer separated flow, and recirculatlon region. The turning angles of

, the outer flow at the separation point and reattachment point are governed by viscous interaction:

) the turning angle must be consistent with the increase in boundary layer displacement thickness.

"_ The locations of the slip lines are determined by pressurematching, The reattachment point is

located such that the pressurerise across the inner plume shock equals the pressurerise across

: the reattachment shock. Boger, Rosenbaumand Reeves(Reference 8) and Fong (Reference 9)

have developed computer programs to calculate the separation induced flow field for an

initially laminar boundary layer. The individual componentsof the flow field shown in

: Figure 1 are discussedin detail in the following subsections.

2.1 ViscousSeparating and Reattachlng Flows

The problem of separation of supersonic flows is an important one for hlgh speed vehicles, and

has been the subject of a number of theoretical and experimental investigations. Figures 2 and

• 3 showtwo supersonicconfigurations leading to separated flow: an impinging _hock wave in

Figure 2, anda compressToncorner in Figure 3. An importantfeature of both flows is that

informationof compressionis propagatedupstreamthroughthe boundary layer. Without a

, boundary layer, the separation region would degenerate into a poTnt -- the shock ;mplngement

point in Figure 2 or the corner in Figure 3. It is clear, therefore, that compression-lnduced

separation is a viscousinteraction phenomenon, r

Various theoretical treatments have :hown that boundary layers may be supercrltlcal or

subcritical. In a subcrifical boundary layer, disturbancesare communicated upstream; in a

supercrltical layer they are not. There is a direct analogy to subsonlc and super_onlcflow.

In the caseof a supercrltlcal boundary layer, communication of a pressurerise can be achieved

only through a "jump" to subcrltical, just as with a shock wave. After reattachment, the

layer goes through a neck region where a transition from subcrltical to supercrltlcal takes

place. Crocco and Lees(Reference 10) sl'.owedthat the correct solution for reattachment is

one which passessmoothly through this critical point.

3
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Theoretical approaches have generally been to use the integral form of the boundary layer

equations. Early studieswere for simple methods, such as Karman-Pohlhausen, with more

sophisticated methodsbeing gradually adopted. Theoretical development was also first for

laminar boundary layers (Reference 11), being modified later to include turbulent layers. The

most rec_nt theoretical model of turbulent separation is due to Hunter and Reeves(Reference 12)

and Tod_scoand Reeves(Reference 13). In th_smodel, the laminar sublayer and skin friction

are neglected, so that the flow is wake-like This appears to be a reasonable approximation,

! as skin friction does vanishat separation. Boundarylayer behavior at dlstance_upstreamof

separation doesnot affect th_smodel as virtually all attached supersonicturbulent boundary

laye_ are supercrltlcal (Reference14).

The model developed by Tod_scoand Reevesand extended by Hunter and Reevesapplies to

the separated flow configuration of Figure 3. A set of supercrltlcal-subcrltlcal jump conditions

(analogous to normal shock relations) were found for the separation point. After separation,

development of the Freeshear layer is calculated by numerical integration of the moment

integra_ form of tk.ebc.undary layer equations. Shear layer profiles are expressedas a one

, parameter function of,:,hape factor H = _/5.* , where e. and 5.* are momentumand
i I I I

displacementthickness, respectively, in transformedcoordinates. After reattachment, the

pressure is assumedto be the inviscid wedge pressurecorresponding to the wedge angle. The

wedge angle is adjusted until the solution passessmoothly through the critical point.

Figure 4 showsa typical result obtained by Todisco and Reeves. Flow conditions are noted on

the figure. A separation shock with pressureratio of about 2 (this does not increase markedly,

even at hypersonic Mach numbers)is followed by a rise to plateau pressure. At the corner,

pressurerises more sharply, approaching ramp pressuredownstreamof the critical point.

The variation of plateau pressurewith Mach number is shown in Figure 5, along with some

experimental data. According to the Todisco and Reevestheory, plateau pressureis independent

of ramp angle. This hasbeen questioned - at least for the hypersonlc case - by Elfstrom

(Reference 15). Figure 6(a) showsplateau pressuresmeasuredby Elfstrom added to Figure 5.

Figure 6(b)shows this .iata normalized wlth respect to invlscld ramp pressure,with apparently

excellent collapse. However, Reeves(Reference 16) haspointed out that all of Elfstrom's

4
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measurements are For separation lengths no greater than 4 boundary layer thicknesses; at

such small lengths, pressure at the corner has not reached plateau conditions. Reeves presents

• plots (Figure 7) which show reasonable agreement when P/Poo is collapsed according to

Ax/80 " Most available data appears to be for separation lengths -4/50 < 8 , at which point

; plateau condTtlor.s are still not reached. Reeves pointed out that experiments capable of

:. prov_dlng data for _s/_ at least 15 should be performed, and would settle this question.-_ 0

For the present, it appears that Reeves' interpretation of the data is supported by the Todlsco-

Reeves theory, and will therefore be adopted in this report.

An interesting feature of turbulent separatlon is that Reynolds number dependence is very weak,

becoming negligible for Reynolds number greater than two or three times the value at transition

(Reference 17). This would appear at first to be peculiar for a viscous interaction phenomenon.

However, it should be noted that at high enough Reynolds numbers the inertial subrange will

dominate the turbulence _,echum, so that viscosity itself has a less important role. This is

consistent wlth, for exomp'._, thg empirical correlation for turbulent boundary layer thickness

(Reference 18)

8 : x 0.37R "°'2 1 + e (1)
e 6.9x 107

which becomes 8 = 0.01 x at large R . This is a considerable sln,pliflcatlon over laminare

separation, !n which Reynolds number remains an important parameter. Separation of a

turbulent supersonic boundary layer should depend only on local boundary layer properties and

Mach number. For zero pressure gradient, only Mach number remains as an _mportant

parameter. For the purpose of this report, therefore, separation plateau pressure will be taken

as that given by the TodTsco-Reeves theory, shown in Figure 5, and separation angle based

on tangent wedge for th_s pressure.

5
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2.2 Plume Flow Field

F_gure 8 illustrates the i r,vlsc_d flow field of a supersonic highly underexpanded rocket plume.

Region [ is free-stream flow. Flow in Reg_o,_[V is exhaust flow, and is the same flow as

would exist in a vacuum. Flow in RegTons! and IV must both turn in order to match pressure

and direction at the contact surface; since both flows are supersonic, they will experience

shock waves. Flow wTthin Region II has been turned outward by the outer plume shock, with

the flow in Regions ! and II being the same as for a body with shape corresponding to the

interface. Flow Tn Region IV is turned by the barrel shock so that Flow _n Region [ll is more

in the axial direction. Since pressure in Region IV diminishes rapidly downstream as the

vacuum flow expands radially, the barrel shock must increase in strength with downstream

distance. At the nozzle lip, where engine exhaust simply expands isentroplcally until it

matches pressure at the Tnterface, the barrel shock has zero strength; far downstream _t

becomes stronger, approaching the hypersonic limit. At some point downstream the barrel

shock term!nares at a normal shock, generally referred to as the Math disc. A series of "cells",

similar to the Mach dTamonds of a slightly overexpanded .jet, may exist beyond this; however,

For the present problem only the forward portion of this first cell Tsof _nterest.

In the case of a plume in a quiescent ambient, Reqlon ]! does not exist and Region ] has zero

velocity and constant pressure. Calculation of the plume flow field is then a straightforward

matter using the method of characteristics, and has been do .e by a n_mber of _nvestlgators,

includlnc.. References 19 and 20. When the ambient is flowing, the pressure becomes

a function of the interface shape. If conditions are such that the outer shock is attached to

the nozzle l_p and the flow is everywhere supersonic, a method of characterlstlcs calculation

should present no d|fficult|es, although the calculation would be more complex because

exhaust material and ambient have different properties.

At very high altitudes, the initial exhaust expansion at the nozzle I_p is great enough so

' that an attached outer shock cannot exist (Reference 21 ); in th_s case the bow shock Ts

detached and Region l! corresponds to the Flow about a blunt body. Supersonic blunt body

flow calculations are d_fficult enough with a known body shape. The combination of a state

of the art blunt body computer program w_th a method of characterTstlcs program presents

formidable d_fflculfies and has not yet been done.

6
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Because a computation of hTghspeed plume flow fields using the most advanced techniques

presents great dlfflcultles, calculations to date have used various approxlmate methods.
, 4

Boynton (Reference 22) has employed a Lagranglan (stream tube) finite dlfference method.

It is not ideal for supersonlc flows, as Boynton poTnts out, because it does not implicitly

contain the wave nature of such flows and shock waves present speclal problems. Its maln

, ._ advantage is providing some answer where no other exists. Another approach is to use
i- _ • "

Newtonlan flow to locate the dividing streamllne (References 23 and 24). The primary

dlsadvantage of thls method _sthat the inner shock is very weak near the nose of the plume,i±_"

i so that Newtonlan flow is not a very good approximation for the nose portion of Region III.

Although detailed calculations of plume flow fields have not yet been entirely sue=essful,

certaln scaling properties have been well established. Jarv_nen and Hill (Reference 25)

have developed a seml-empldcal "universal plume profile" which incorporates these scaling

laws. Figure 9 shows the Jarvlnen-Hill model. Dimenslons in the axlal dlrectlon scale as

(T/% o)_ , where T = rocket thrust and q i: freestream dynamic pressure. Dimensions

;n the lateral d_recfion scale as ((TD)_/qco) , where D = plume drag. Plume drag is defined

, as the vacuum thrust which would result ;f the exhaust were fully expanded, minus the actual

vacuum thrust. The physTcal interpretation of this quantity may be seen if the _nterface is

imagined to be a nozzle wall; D is slmply the total aerodynamlc force exerted on the plume

material. The universal plume profile shown in Figure 9 is based on experimental data,
I

method of characteristics computation and Newtonlan flow computations, wlth the nose region

based on a blast wave analogy.

The Jarvin_n-Hill plume profile provides a good working model except for the very nose,

where detail necessarily neglected by such a model is important. The parobollc nose

resulting from the blast wave analogy implies a 90° turning angle of exhaust at the nozzle

lip; this is generally not correct. The initial angle of the plume _s, however, s_mple to

compute. Rels, et al. (Reference 20) noted that, for plume_ into a quiescent amblent, only

one family of characterls!ics entered the computation very near the nozzle lip. This means

that the _nner flow for a very _hort distance from the lip can be determined by a PrandtloMeyer

expansion. If the outer flow pressure is obtained by Newtonlan flow or tangent cone, the

.................. 1973020190-TSB03



initial angle of the contact surface is easily obtained. The universal plume profile can then

'! be modified to include the actual angle for each set of flight conditions

:; 2.3 Plume-Induced Separation

Boger, Rosenbaumand Reeves (Reference 8 ) (here;nafter called BRR)and Fong (Reference 9 )

5 have recently published schemes for computing plume-lnduced separation. The BRR
2

scherne is described in Section 2.3.1: Fong's scheme is roughly similar but more

_ _ elaborate, including the shear layer at the plume _nterface as well _s the separation line. A

. slmpl_fied scheme is presented _n Section 2.3.2•

2.3.1 Separation Scheme of Boger, Rosenbaum and Reeves -- The BRRscheme fallows

the basic elements outlined in Section 2.0: separation and reattachment are governed by viscous

interaction, with the plume boundary determined by an invlsc_d calculation. The numerical

scheme follows four steps:

b 1) A separation point is assumed. Separation angle, plateau pressure and

Mach number corresponding to plateau pressure are determined. The

example used in Reference 8 was for an initially laminar attached

boundary layer; plateau pressure was computed using a relation from

Reference 26; angle and Mach number were obtained from this by

tangent-cone, t

2) Using the plateau pressure, the plume boundary is computed by the

method of characteristics. Because plateau pressure is constant, thls

was done by a scheme developed for computing plumes in a quiescent
r'_

ambient. Neglecting the viscous layer at the plume boundary in deter-

mlning the boundary is justified by a series of wind tunnel experiments

reported in Reference 8 . The plume boundary, separation angle, and

assumedseparation point give a preliminary reattachment point on the

plume boundary.

8
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3) The turning angle at reattachment is determined From the viscous _nteraction

theory of Todisco and Reeves (Reference 13). For a given plateau Mach

number and shape factor H : e.f/61* , the turning angle is uniquely deter-

mined. Figure 10 shows the conditions used by BRR. At the separation point

H = H , so that H/H : 1 ; as the shear layer develops, H/H decreases,s S S

approaching zero For a Fully developed Free shear layer.

4) The pressure after reattachment is known from the turning angle determined

in Step 3. The point on the plume boundary which gives the same pressure

after turning to the same Final angle is located. If this point does not agree

' w_th the point from Steps 1 and 2, a new separation point consistent with

• th_s is chosen. The four steps are _terated until the solution converges.

The BRRscheme as described here requires recomputatlon of the plume boundary at each iteration

only if plateau conditions are dependent on separation point. For a smooth body with zero

pressure gradient at the separation point, thls means a dependence on Reynolds number. The

laminar example presented in Reference 8 has a Reynolds number dependence. For a turbulent

attached boundary layer at very large Reynolds number, as described in Section 2.1, there is

no Reynolds number dependence. Iteration of the separation point is st_ll required, however,

because the reattachment conditions depend on the length of the shear layer.

2.3.2 Approximate Model for Plume-Induced Separa!_on - The BRRscheme appears t

to be a reasonable method For computing plume-lnduced separation. However, there are

certain approximations _n calculating the separated Flow. The most slgn_ficant _sassuming

constant pressure in the plateau region. As seen in Figure 4, this is clearly not the case:

pressure varies somewhat after separation, and considerably after the corner. This latter is

crucial, as _t _s the assumption of constant pressure that enables a characteristics solution

of the plume Flow. A proper calculation, taking the pressure gradient into account would be

of the same difficulty as the hypersonic plume with detached bow shock discussed earlier.

Other approximations, such as assuming a constant separation angle, are not as s_gn_flcant

as th_s.

9
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,: Since the boundary conditions for the method of characterlstics plume calculation are not

!! correct, it is worth seeing if further approxlmat_ons are possible so as to eliminate entirely
,_

:i! the need for it. As this is the most complex part of the BRRscheme, it would greatly

!_ simplify computation. Toward th_s end, the following assumptions are made:

i .

1) As wlth BRR, pressure wilhln the separation region is assumed constant.

!i 2) The plume boundary adjacent to the separatlon reglon is adequately

described by a PrandtI-Meyer expansion to match plateau pressure.

The contact surface is thus conical in thls region. This is the same

_ model as used _n Reference 21 to predict detachment of the outer

• plume shock.
L

t

3) Outside of the separated region, the ,Jarvlnen-Hill universal plume

J -.. profile is adequate to describe the contact surface. In the nose

region, the surface is a sphere w_th radius r .
P

With these assumptions in hand, the plume-induced separation flow model is shown in Figure 11.

The separation angle e and plateau pressure and Mach number are given by the Todlsco--
sep

Reeves theory, e . is found by expanding exhaust flow to match plateau pressure, andD!

• _ rp = 0.2 (D/qco')_ is from the ,Jarvlnen-Hill plume model. The reattachment turning angle,
the separation point and center of spherical interface are such that the reattachment angle

(esep + ereat) is tangent to the sphere at the reattachment point. The separatlor, length is
- then given by

 [rco, ,rvl<Co eco e/s p (esep ereat sep pl

For typical vehicles of interest here, the boundary layer _sf,Jlly developed turbulent.

Separation pressure is therefore given by F_gure 5, with Mach number and angle determined

from the wedge flow charts of Reference 27. Separation values at M < 2 were extrapolated.

The values of M and E) used are shown in Figure 12.
sep sep

10
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Because the vehicles of interest, and consequently separation lengths, are very large, it is

expected that the separated shear layer at reattachment will be close to fully developed.

Therefore, reattachment conditions are taken as given by the curve for H/H = 0.11 ons

Figure 10. This curve is chosen because it is the most developed case presented in Reference

8 . Figure 13 shows this curve extrapolated down to Mach numbersof interest here.i

_
A computer program, described _n Appendix A, was written to compute separation conditions

_ versus time for any glven Flight trajectory. The program includes Fluctuating conditions, develop-
r ._

ed in Section 3.0, as well as steady separation conditions discussed thus far.

i ....

As an example of thls sTmplifled calculation, separation conditions were calculated for the

Saturn V S-1, using a nominal Apollo launch trajectory (Reference 28). Trajectory parameters

are shown in Figure 14. F|gure 15 shows the predicted separation point versus tlme after

lift off. Data (Reference 29) obtained from a mlcrophone at station 757 on an
I

Apollo flight indicated large fluctuating pressure of the type associated with shock wave

oscillation from approximately 118 seconds to approximately 130 seconds. Thls range is

indle.ated on Figure 15; the separation po_r._passesstation 757 somewhere during thls tlme

period. Since the shock wave precedes the separation point by a small amount, the separation

point most likely passes this station somewhat after the middle oi" this tlme range. Agreement

between thls data point and the prediction is good. The prediction method presented in thls

section for plume-lnduced separation is therefore quite adequate to use as a framework for

estimating fluctuating pressure environments.

11
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, 3.0 FLUCTUATIONS IN PLUME-INDUCED SEPARATED ENVIRONMENTS

_"i 3.1 Summary of Fluctuating Pressure Environment _n a Compression Corner
!i

i Figure 16, from Reference 30, shows the static and fluctuating Ioressureenvironments ahead ofa compression corner. The fluctuating pressure may be divided into three parts: incoming

:_ boundary layer, shock wave oscillation, and homogeneous separated flow. The spectra

:)i associated w_th each of these are shown in Figure 17. Reference 4 reviews available data and

provides empirical prediction schemes for these environments. The amplitudes and spectra

shown in FTgures 16 and 17 are representative of "wo dimensional and axlsymmetr_c compresslon

; i. induced separation; the scaling parameters used in these figures were found _n Reference 4 .

to g_ve best collapse of experimental data. Application of prediction schemes to specific

vehicle configurations _sstraightforward, and shows excellent agreement with wind tunnel

measurements (Reference 7 ).

Although empirical predictions of fluctuating properties can be made with some confidence,

• the fundamental mechanlsm involved are not fully understood for all parts of the flow. The

" following properties, relative to assessing the effect of the free plume boundary, are established:

| 3.1.1 Turbulent Boundary Layer - This is the best understood part of the flow. Since

supersonlc turbulent boundary layers are generally supercrl tlcal, boundary layer propert; e_,
r

upstream of the separation point will not he affected by the plume boundary. ,

i _ 3.1.2 Shock Wave Oscillation - An analytical model has been established linking

the motion of the shock wave to fluctuations Tn the incoming turbulent boundary layer

- (Reference 6 ). I'he shock wave is convected by velocity fluctuations in the boundary layer.

- Since boundary layer fluctuations may be treated as a stochastic process, the shock wave

executes a random walk about its mean location. Mean flow properties seek to return the

shock to _tsmean location, so that displacement is llm_._ed. At large times, the shock motion

is a st,_tlonary random process with mean square displacement dependent on both boundary layer

fluctuations and the mean flow restoring mechanism. The macroscale of the d;splacement _s

governed by the mean flow restoring mechanism. Conditions within the separation region may

therefore influence the shock motion. For example, slowly varying fluctuating pressure in the

12
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exhaust flow would cause the separation length, hence shock location, to fluctuate. (For
'i

/_ exhaust oscillations slow compared to response time of the separated flow, shock motion may

be calculated as quasl-steady.) For a steady exhaust flow, _t is expected that the nature of
"I

" the shock motion (drTven by the boundary layer) will not change, but that the total
*

excursion may.

_" 3.1.3 Separated Flow Region -- No quantitative model has yet been developed for

_ this region. Even mean Flow conditions are not yet fully established (Reference 15). However,

the Fluctuating flow is qualitatively understood and arguments may be put forth as to the

mechanisms of the fluctuations.

The mean Flow in a compressTon corner has been partly described in Section 2.1, and is shown

, in Figure 3. A key Feature of the flow For interpreting fluctuations is the region beneath

the separation streamline. In the discussion of Section 2.1, this was treated essentially as a

"dead water" region. As with most "dead water" regTons, it is actually a recTrculafion zone,

wlth trapped eddies. For two-dlmenslonal and axisymmetrlc flows, there is a single large

eddy in the separation region. This eddy is a key factor in the fluctuating pressure field,

expecTally at low frequencies. With a sTngle trapped eddy, two-dTmensTonal and axisymmetdc

flows should have similar fluctuating pressures; thTs is borne out by FTgures 16 and 17.

• Separated flow induced by three-dimenslonal protuberances, on the other hand, exhibits

different (and larger) fluctuating pressure levels (Figure 18). This is clearly a consequence

of the multiple trapped eddy structure, identified by Robertson's oTI flow experiments

(Reference 2). For the present problem, only twc-dlmens_onal and axisymmetdc flows are of

interest. However, it should be noted that the turbulent boundary layer and shock oscillation

fluctuations are essentially the same For protuberances as for two-dimensional flow. This is in

agreement with the conclusions of Sections 3.1.1 and 3.1.2.

]nterpretatTon of fluctuations Tn the separation regTon requires knowledge of narrow band

convectlon velocities. F_gure 19 shows convection velocities presented by Coe and Rechtlen

(Reference 301. Convection velocities presented by Chyu and Hanley (Reference 31) and

I Rechtlen (Reference 32) are essentially the same.

I
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Reference32 does indlcate negative convection velocities at very low frequencies (approxi-

mately f 5/uco<O.03), but there is considerable scatter in that range. Becauseof the scatter,

and because low frequency random data is inherently lessaccurate than h_gherfrequencies, it

is not clear whether or not negative convection velocities really exist. The phase angle of the

:_ cross-correlation function is alse near zero in thls range, which makesaccurate calculation

., of convection speeddifficult.

I
• The convection velocities shown in Figure 19 vary from a minimum of u /u ,,_0.2 at
,_ C 00

fS/Uco,,_O.06 to a plateau Uc/Uco _ 0.8 at fS/uco_0.8. Shown for comparison with the

:; " plateau are convection velocities obtained by Bull (Reference33) for attached turbulent
i

boundary layers. Agreement with the plateau above fS/uco=0.8 Tsgood. Noting that eddies q

of size S convected at u = 0.8u correspond to f5/%o=0.8, it may b_ concluded thatc co

fluctuations at high frequencies, f$/u >_0.8, are assocTatedwith the Freeshear layer.co
Rechteln (Reference 32) provides qualitative arguments that pres_'.re fluctuations in this

frequency range are transmitted to the wall by the "eddy Mach wave" phenomenon(Reference

34). For the present ourposes, however, it is sufficient to only identify thls frequency range

with the free shear Hayer. It may then be concluded that this part of the fluctuations will not

be affected by having a non-r_g_dplume boundary downstream.

For fS/u <0.8, attached boundary layer convection velocities slowly rise, approachingco
u as f_/u "_0 (Reference 33), while convection speed in the separation corner decreases.

co co

Th_sdifference is because low frequency boundary layer no_se_s_denfified with free stream

alr entrained at the edge of the layer, while the free shear layer ef..ralns nearly still a_r from

the separation bubble under it.

Convection veloclties for f S/u < 0.8 can be interpreted in termsof a simple entrainment
co

° =0.8u .model The free shear layer is initially composedof eddies of size 5, convecfed at uc co

EssentlalJystill air beneath it is entrained, w_th the vorfic_tyof the oHg}naJlayer distHbuted

over the entire layer. If the thicknessof the layer is now d, eddy s{zesare also of s_ze d.

The convectionspeedof the largereddies is

u = 0.8 u _ (3)c a_ d

14
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This represents conservation of momentum of the original layer. The frequency associated with

:_ a series of edd;es of size d moving at speed u is
i c

", c

'_ f - d

so that

4

u d u 7 (4)
_' Co (3O

t

Figure 20 shows a model convection speed, based on boundary layer convection for fS/u >0.8
oo

and Equations (3) and (4) for fS/u -< 0.8. Also shown are convection speeds from Figure 19.Oo

... Agreement of this simple entrainment model is qulte good for f5/% 0 larger than about 0.1

which corresponds to d/6 _ 3. ]n the experiments of Reference 30, step height was not more

than a few boundary layer thicknesses. S_nce the entrained layer cannot be thicker than

' approx;mately the step height (and must be somewhat less because there must be a reverse flow

near the wall), it is not expected that this entrainment model would apply at lower frequencies

than this.

The agreement between convection speeds for the entrainment model and the data indicates

that fluctuations in this frequency range are also generated by the shear layer. The plume

boundary should therefore have no major effect on fluctuations above f$/%o m0"1 .

The convection velocity has a minimum of about 0.2 u at fS/u = 0.06, then rises sharply

below that. It is in the reglon of this rise that Rechtein (Reference 32) obtained widely

scattered positive and negative convection velocities. S_nce a solenoidal pulsation would

result _n infinite positive and negative computed convection speeds, it may be concluded

that the region f$/Ueo< 0.06 is dominated by large scale fluctuations of the whole separation

bubble. This conclusion may be supported by considering the acoustic response frequency of

the separation bubble. If the separation length is 105 (experimental measurements c;ted here

are generally less/ and M=2, then the fundamental response of a cavity of equal size

15
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corresponds to fS/u -- 0.05. Thls ;sapprox;mately where large scale fluctuations begrn toco
dominate over the convected eddies. In this range, it is expected that there will be coupling

between the plume boundary and fluctuating separation pressure.

-_ 3.2 Coupling Between Plume Boundaryand Separation Fluctuations

The d;scusslonof Section 3.1 leads to the conclusion that above a certain frequency separated

flow fluctuations are dependent pr;mar;ly on the incoming turbulence. Below this frequency,

_- the geometry of the mean flow (i.e., the actual dimensionsof the separation region) hasa

direct effect on fluctuations. It ;s ;n this frequency range that Flowover a plume may differ

_ from flow over a rigid flare.

Becausethe feedback mechanismthrough the plume interface involves motion of the plume,

it is necessaryto assessthe responseof the plume to pressurefluctuations. There wl II be some

frequency (basedon characteristic flow time of the plume) below which the plume will exh;bit

direct response, following pressurefluctuations quasi-statically. Coupling of ."notionin this

regime will be relatively straightforward. At higher frequencies, responseof the plume will

" lag somewhat, with direct feedback being lessas fluctuation frequency increases.

InSection 3.2.1 below, the various characteristic frequenciesare summarizedand the

frequency range of separated flow fluctuation/plume boundary coupling identified. The

quantitative effect on fluctuating pressureenvironments are then estimated in Section 3.2.2.

3.2.1 FrequencyRangeof Fluctuation/Plume CoupI;ng - The "fundamental"

frequency of a separated region of length t ;sS

a
go

fep -- S

where it ;sassumedthat soundspeed within the separated region is a . This ;s the firstco
acoustic mode of a cavity of size _ . At frequencies lessthan f , pressureFluctuations

s sep
are in phase. This correspondsto the infinite convection speedsdiscussedin Section 3.1.3.

16
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i Casting fep in the form f60/%o ,

J

,'i

:i f 6/u = co
sep 0 oo 2_s ao

• i
,.._

,,: 5
= (6)

'Moo

The value of fep 50/%o g|ven by Equation (6) correspondsto the lower frequency I_m|t
of convected fluctuations, as discussedin Section 3.1.3. tt was concluded in that section

that at frequencies greater than f the presenceof a non-rlgld plume boundary doesnot
sep

influence separated flow fluctuations.

For the plume interface to follow pressurefluctuations quasl-statically, the plume flow time

must be greater than the fluctuation flow time. The plume flow time is given by the length

of plume interface wlthin the separa._edreg;on, divided by flow speed. For the present

purposes, the length may be taken as _ tar',e and the speedas u . For typicals sep e

separation angles tan esep ._ 1/4, so that the responsefrequency of the plume is

4ue

fpl - _s

Casting _n the Form f8 /

u 5

•. fpl 8o/U = 4 e oao u _9 (7)
CO S

II
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Comparlng Equations (6)and (7),
i 'i

!

t u
= 8 e 1 f (8),':" f

pl u M sep

oo oo
>,

so that fpl _sgenerally an orderof magnltude larger than -fep ' This me_,nsthat at
,i _, frequencTeswhere pressurefluctuations are coupled to the plume motion, the plume boundary

responseis quasi-steady. This is an important finding, and muchsimplifies calculation of the

response,

The frequencies given by Equations(6) and (7) mustbe compared to characteristlc frequencies

of the fluctuating flow. The most important frequencies are thosecorresponding to the integral

scalesof the fluctuation spectra. The bulk of the overall Fluctuating pressurelevel is

_dentified with a frequency band about this value.

The integral time scale of a fluctuat|ng envlronment is defined in Reference 6; the corres-

ponding frequency is the reclprlcal of the time. For the spectra shown in Figure 17, the

characteristic frequencies for the boundary layer, separated region, and shock wave

oscl I lat|on are

f 5 /u = 0.53 (9a)
0BL 0 co

f 5 /u - 0.145 (9b)
0 0 co

sep

f 8 / u -- 0.04 (9c)
0 0 cO

Sw



Figure 21 shows Equations (6), (7) and (9) as a function of _s/8 . Also indicated is _s/L ,0

i separation length divided by total vehicle length. This was obtained by assuming 80 is given

by the large Reynolds number limit of Equation (1), and noting that distance from the front

J of the vehicle is L - I so that$ '

J 8 = I0 -2 (L-_) (I0)
0 S

1 Comparison of the various curves in Figure 21 leads to the following conclusions:

[
l • Except for small separation lengths (_s/8 < 1 at M = 2, f_,r example),0 co

- overall fluctuating pressure level in the separation region is not affected.

• For _ /8 <_ 10, shock wave motion may be strongly coupled to plume
s 0

: motion. It should be noted that shock oscillation is not a homogeneous

j environment, so that important low frequency effects may occur at larger
separation lengths as well. However, although these effect_ may be

i _mportart, _t _snot expected that overall levels will change significantly.

i • Boundary layer fluctuations upstream of separation, and high frequency
fluctuations in the separation region, will not be affected.

t

1 3.2.2 Amplitude of Coupling -- For all important frequencies, plume response to

separation fluctuations will be quasl-stat;c. The plume size changes in response to separaHon
pressure fluctuations. The _eparatlon point and shock wave then move in accordance with the

I instantaneous plume s_ze.

The mean square pressure flucfuat;on in the separation region is

I

< p_ > = G_sep (f) df (11/
4

o

!
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Feedback to the separated region is only for f 6o/u -< 1/M 5 /_ • the pressureOD C_ O S'

fluctuation in this frequency range is

,.a //

--- A < p2 > -- Jo/ oo s _sep (f) df (12)

Equation (12) has been numerically integrated, using the analytic representation of ¢_
_ sep

presented in Reference 4. The quantity A<p2) _/< p2>_ is plotted as a function of
1

M_sep/50 in Figure 22. Figure 23shows A<p2>_/qao asa function of lsep/801 for

several Mach numbers, based on Figure 22 and the Mach number dependence of < p2 _ _/qoo

as presented in Reference 4. The quantity A < p2 >_/qco may be considered to be the

"feedback fluctuating pressure coefficient", since it represents that part of the fluctuating

pressurewhich can couple directly to the plume.

The responseof the plume to the feedback fluctuating pressure is straightforward to compute.

• Referring to Figure 11, 8sep , e eat and rp are funcHons of the external flow only, so that

the only change in geometry is through changes in epl . If epl changes by an amount ASpl ,
the separaHon length changes by

_s 1 + cot 2 8pl (13)
= tan _epl AeplA _s cot esep - cot BI01 1 + tan cot epl

For small changes in ASpI , such that tan Aepl << 1, Equation (13) may be represented as

dt

A 9 - s AE)pI (14)
s d epl

20
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i
e

- where

,! dL
s _ [l+cot20p,] (15)

.,:i dgpl cot 9sep - cot epl
t?!
o,:

t Root mean square change _nseparation length due to change in plateau pressure is given by
-4

: 1

= depl d(p/qco) %o
,%
o

where depl / d (p/qco) must be obtained for the plume flow field. Since epl is obtained
by a PrandtI-Meyer expansion of the exhaust flow to match plateau pressure, it _s stra_ght-

forward to obtain

. d P/'qco - Pc Y M 2 (17)

where M is the Mach number of the exhaust flow after expanding to epl . Equation (17) is
obtained by dlfferentlatlng Equations (2.31) and (4.21b) of Reference _.

I

| All parameters needed for Equotlons (15) and (175 are available from the calculation of

separation length. Figure 24 shows d .gs/d (P/%o) versus Time After Lift-Off for the

Saturn V,. nominal Apollo trajectory. Using the feedback fluctuating pressure coefficient

shown in ;gure 23, the change !n separation length has been calculated. Figure 25 shows

the increase in root mean square separation length due to the flexible plume boundary;

shown for comparison are boundary layer thlckness and root mean square shock oscillation

displacement for an equivalent r_gld flare. The net rms shock motion will be no greater than
1 1

( Xsw>: _ < A g- > (this represents perfect coherence between x and A/). Figure 26Sw

21
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1 1

shows (AL 2 _ o/( x 2 _2 for the Saturn V. The increase in rms shock wave dlsplace-
S SW

ment is less than 23 percent. Fluctuating pressure at the shock wave is proportional

to displacement (Reference 6); the rms fluctuating pressure level at the shock location is

therefore increased from 0.068 %0 (Reference 6) to 0.0836%0. On the decibel scale, this
Tsan increase of 2 dB.

Other than the sllghtly increased fluctuating level at the shock location, the change in

separation length |s not enough to slgn]ficantly alter the fluctuating pressure patterns. It

may therefore be concluded that, for the example presented, there is tittle difference

between fluctuat|ons assoclated wl th flare-i nduced separation and p lume-i nduced separafi on.

The only slgn|ficant difference is a slight increase in shock oscillation distance and fluctuating

level.

The analysis so far has assumed that the exhaust flow itself is steady. The question of

unsteady exhaust is treated Tn the next section. What may be concluded here is that the

fluctuating pressure due to plume-lnduced separation does not have an important coupling
%

effect itself with the plume boundary. Homogeneous fluctuating pressure environments may

therefore be superposed on fluctuating pressures associated with unsteady plume effects

dlscussed in the next section. Pressure fluctuations due to the oscillating shock wave, whlch

is an inhomogeneous environment, does not simply superpose; however, once the displacement

is known the shock oscillation pressure field can be determined from the theory of Reference 6.

3.3 Plume Driven Fluctuations

The discussion thus far has assumed that the engine exhaust flow is steady, with turbulent

fluctuations present only in the external separated flow. For real rocket engines this is not

the case. At the high pressures and Reynolds numbers involved, flow w|thln the combustion

chamber is turbulent. Further, the combustion process, with vaporizing fuel droplets burning,

is not uniform. Although the nature of fluctuations within a rocket engine can be of several

types (Reference 35), for the present purposes only the effect of a solenoidal pulsing of

combustion chamber pressure will be evaluated.

22

'_ _ ....... "_'<_ '_""_"- _= , '.'_.=_ _ = - _ _ , _ _- i._. am,.-, ,, " "_ 't ...... _- ' i

1973020190-TSC04



3.3.1 LowFrequency Fluctuations:Quasi-Statlc Response- If all other parameters

are held fixed, thrust and exit pressureof a rocket engine are proportional to chamber

pressure. For chamber pressurefluctuations of frequency less than fpl asshown in Figure 21,

the fluctuating plume shape may be computed quasl-statica_ly, wlth T/< T > = %/( Pe > =

Pc/<Pc _ " Referring to Figure 11, the model plume shapewill experience changesin epl

j.: and r due to thrust fluctuations. The angles esep and ereat are unchanged. The plateau
pressure_sassumedto be unchanged; this assumption_scorrect for f < f , when separationsep

;: region responseis also quasl-statlc.

_, For small changesin epl and rp , the change in separation length is:

a_ ai
_ s Ae + s

A_s 88pl pl _p Ar P (18)

where 8,_s/SGpl is the sameas d_s/depl glven in Equation (15), and

g_

s- cos/e +e ) (cote -cotegr sep teat sep pI ) (19)P

For small fluctuations in chamber pressureand thrust, Ae pl and Arp are

ae

Ae - pl AT (20a)
pl 8 T/< T _> < T-'--_

_r

Ar = p AT (20b)
P 8 T/(,T> < T _>
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Note that any appearance of AT/_ T _) in Equation (20) can be replaced by APc/(_ Pc _) "

The plume radius used in the present model, described in Section 2,3,2, is

r = 0.2 D _
P (21)

' Plume drag D is proportional to thrust T; thus, for small fluctuaHons in T,

8r
p 1

BT/<T_ - 2 rp (22)

The change in plume angle epl is governed by matchlng the PrandtI-Meyer expansion of the

fluctuating exhaust Flow to the constant plateau pressure. Derivation of d0pl/d pc/< pc _
is similar to derivation of Equation (17), except that Equatlon (2.31) of Reference 38 is

.... dlfferenHal wlth respect to Pc rather than p . The result is

depl V M2-1 (23)

dpc/< Pc> (y-1) M2

where M is the Mach number of the exhaust flow after expanding to 9pl .

Combining Equations (18) through (23),

dE A Pc
_ : s (24)

s ape/<pc> <Pc>

24
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where

dL _)_ 2.1 8_! s s M s 1- + -- (25)
_: dPc/{Pc> 8_pl (y-l) M 2 8rp T rp

"l
r

',.

where 8_s/8epl and 8_s / 8rp are g_ven by EquaHons (15) and (19).

Figure 28 shows Equation (25) for the Saturn V. Little data is available on fluctuating thrust

_i of the F-1 engine; however, if thrust fluctuates by 1%, separaHon length would vary by

approximately 0.5 meter. As with the fluctuations d_scussedin Section 3.2, variations of

separation length of thls order do not significantly affect the homogeneous separated flow

fluctuations. Fluctuations due to the increased motion of the shock wave can be accounted

for by applying the theory of Reference 6.
-.

3.3.2 High Frequency Fluctuations: Acoustic Response -- At plume fluctuation

frequencies f > f , response time of the separated flow is slower than fluctuation of the
, sep

plume. The separated region therefore does not respond quas_-statically to the plume motion.

in the h_gh frequency I_m_t, f >> f , the separaHon region may be considered to be
sep

steady (except, of course, for the pre--exlsting fluctuations which have been shown to be

, essenHally |ndependent of the plume), with plume fluctuations transmitted as acoustic

d_sturbances. The fluctuating pressure _n the separated region is then comprised of:

• Fluctuation as described in SecHon 3.1, modified according

to Section 3.2.

• Low frequency fluctuations where the separated flow responds

quas_-statlcally to plume fluctuations, as discussed _n Section 3.3.1.

• High frequency a':ousHc fluctuations superposed on the environment

obtained from the first two above.
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i._ This last envTronmentrepresentsthe jet noise of the rocket exhaust, and should be treated as
i'.
,_ a separate acoustic environment, rather than a part of plume-Tnduced separation environments.
"1

i! The connection between th_sand separation is that the separation region provides a medium

for upstreamnoTsepropagation at supersonic speeds. The model discussedso far does TndTcate

i_ that the acoustTcenvironment may be divided Tnto two regimes, which are worth pointing out

at this time:

"i • For fsep_ f _ fpl ' the plume interface within the separated regTonmay be
considered to move solenoldally. The acoustic d_sturbance, wlthln the

context of the LighthTII theory (Reference 37), _s then a dTstrTbufionof

synchronoussourcesalong the plume interface.

• For f > fpl ' the _nhomogene;tyof the plume mustbe accounted for. The
soundsource is then a d[stributlon of quadrupoles. In this regTme, the

acoustic field mustbe treated as a full near-field jet noise problem.
b
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4.0 APPLICATION TO SHUTTLE PRRCONFIGURATION

4.1 Shuttle Flow Field

Figure 28 shows the PRRshuttle configuration. It is comprised of four separate units linked

together: an orbiter, an external tank, and two solid rocket boosters (SRB). The flow field

for the mated launch vehicle will consist of the ind[vldual Flow fields of each major body,

wlth modifications due to interference between bodies. Because of the complexity of this

vehicle, extensive theoretical and experimental studies will be required to accurately define

the actual flow over the mated bodies.

Despite the complexity of the interference regions of the shuttle flow field, there are some

major areas where the flow wl II be simple enough so as to permit application of the simple

axlsymmetric plume model developed in this report. For zero angle of attack, the Flow over

the outboard sections of the SRBshould be adequately described by local ly axlsymmetrlc flow

about the centerline of each SRB. Provided the radii of the _ndlvidual plumes are small enough

so that they do not mutually interfere to a significant degree, the axlsymmetrlc plume separation

model developed in Section 2.0 may then be applied to the outboard section of the SRBwith
%

the same degree of confidence as the application to Saturn V separation presented earlier.

To a lesser degree, the axlsymmetrlc separation model may also be applied to the top surface

of the orbiter. There is no direct interference in th_s region. However, the orbiter alone is

not axi._ymmetric, the flow up to the flat top surface is over a relatively complex three-dlmen-

sional body, and the aft region is cluttered by the presence of the OMS/RCS pods and a

vertical control surface. Therefore, although thls calculation is performed below, the results

should be considered to be an indication of trends rather than a quantitative prediction of

separation point on the orbiter.

4.1.1 Plume-Induced Separation on SRB - To compute separation on the outboard

side of the SRB, each SRBis treated as a single axlsymmetrlc vehicle at zero angle of attack.

The pertinent vehicle parameters for the SRBof the PRRconfiguration are summarized in Table

I, based on data presented in References 38 and 39.
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!,ii TABLE !
!,,,

_i SRB PARAMETERS
I

il
_! Vehicle Radius 81 in. = 2.06 m

Thrust 4, 162, 2041b = 18.5x 106N

Yex 1.145
:'_ Nozzle Area Ratio 10

: Exhaust Mach Number 3.18

Chamber Pressure 680 psla : 4.68 x 106 N/m 2

Plume separation and fluctuation parameters were calculated for the due East trajectory used

Tn Reference 7, shown in Figure 29. The results are shown in Figures 30 through 33.

Figure 30 shows plume-lnduced separation length. Separation begins at about 95 seconds

I (altitude : 18 kin, M : 1.8, qco : 18,500 N/m2), and encompasses the entire SRBat SRBoO

cut-off of 145 seconds (altitude : 45 km, M = 4.6). Note that separation does not occur
" Co

- until well after conditions of maximum dynamic pressure, 82 seconds, altitude = 13 km,

M = 1.332, qco 22,460 N/m 2. Comparing dynamic pressure, it may be concluded thatCO z

_ unless fluctuating pressure coefficients in the plume separation region are greater than 1.33

ili times those of flare-lnduced separation, plume-lnduced separation wl II not introduce more

• severe fluctuating pressure environments than those at the critical condition of maximum

dynamic pressure.

F_gure 31 shows d_s/(dp,/qc ° ). Using the feedback pressure coefficient shown in FTgure 23,

the change in separation length was obtained. Figure 32 shows < A_ _ > _ the increase _n
S

separation length due to the flexible plume boundary, along with boundary layer thickness at

the separation point and root mean square d_splacement for an equivalent rigid flare. At the

1 ._ 1onset of separaHon, < A_ _ _ is slightly less than < X'sw ) _ , so that for perfect coherence

shock oscillation distance is almost double that fora flare. Doubl_ngoscillatlondlstance

would no more than double fluctuating pressure, or an increase of 6 dB. Adding 6 dB to the

prediction presented _n Reference 7 (and using the correct dynamic pressure for 95 seconds),

28
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shockosc_llatlon levels at the onset of separatlonwill beapproxlmately 161 dB. This is 3dB

' higher than shock oscillation level of 158 dB predicted at maximum %0 in Reference 7, andi_ .

i 4 dB less than protuberance-lnducecl homogeneous fluctuating pressure level of 165 dB at

:_ maximum %0"

'; Fluctuating pressure levels in the homogeneou_ separated region will be the same as for a rigid

flare, hence will not be as great as those experienced at the critical condition of maxlmum
:I

_ qco"

Figure 33 shows the change of separation length wlth fluctuation in engine chamber pressure.

: This prediction may be applied when data on SRB chamber pressure fluctuations are available.

4.1.2 Plume-lnduced Separation on Orbiter -- For the purpose of estimating

separation trends, the present prediction scheme has been applied to the shuttle orbiter. The

calculation was performed for an axlsymmetrlc vehicle of radius comparable to orbiter

dimensions. The vehicle and engine parameters used are listed ;n Table I[.

• TABLE II
ii i i

ORBITER PARAMETERS

Vehicle Radius 122 in. : 3.11 m

-, Thrust 1.4x10 ¢ Ib : 6.2x 106N

Yex 1.23
Nozzle Area Ratio 35

Exhaust Mach Number 4.05

Chamber Pressure 3000 psia : 2.065 x 107 N/m 2

Figure 34 shows predicted separation length. Note that at 145 seconds, corresponding to SRB

cut-off, the predicted separation point has not yet extended beyond the OMS/RCS pods and

verHcal control surface. This cluttered region is expected to experience t::otuberance-lnduced

fluctuations and interference effects; therefore, plume induced separation will not make the
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flow envTronmentmore severe. At later times, dynamic pressure is low enough that separated

"i flow fluctuating pressuresare not important. Therefore, _t may be concluded that plume-_nduced
I

! separation due to the orbTter engines is not an _mportant Factor evaluating Fluctuating flow

envlronments.
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5.0 CONCLUSIONS

_,! The separated flow environment induced by underexpanded rocket plumes during boost phase

'_ of rocket vehicles has been investigated. A simple model for predicting the extent of

_I separation was developed• The model employs a seml-empirical geometric representation of

: the plume interface. It was concluded that this simple representation, rather than a numerical

method of characteristics computation as employed by other investigators, is sufficiently refined

:_ so as to be consistent with other approximations generally employed in the calculation of

plume-induced separation. This simple model has the advantage of much greater economy of

computation. Good agreement was found between present prediction of separation length

:_ , and limited data from a Saturn V flight.

The unsteady pressure field in plume-induced separated regions was investigated. Emphasis

was placed on determining differences between fluctuations associated with plume-lnduced

separation and those associated with an equivalent rigid flare. The frequency domain of

possible fluctuating pressure/plume boundary coupling was investigated It was found that

coupling is limited to low frequencies, below the characteristic frequencies associated with

the homogeneous separated flow fluctuations. It was further found that the main effect of the

plume is to allow greater shock wave excursion distances than for an equivalent rigid flare.

Differences in pressure fluctuations are limited to those associated with shock wave oscillation,

_ for which the plume envlronment is more severe. The quantitative difference was found to be

_ a function of vehicle and engine characteristics and flight conditions. The trend is for

dlfferences between the two cases to become lessas separation length increases.

The prediction scheme developed here has been applied to the PRRspa:e shuttle configuraHon.

The following results were found:

• Separation due to the SRBengine begins at approximately 18 kin, and

extends over most of the vehicle by SRBcut-off (45 km).

• Shock oscillation fluctuations assoclated with SRBplume-lnduced separation

at the onset of separation are slightly less than 6 dB greater than those for an

equivalent flare. At 18 kin, the fluctuating pressure level is 161 dB; this
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L,

,i

r i

, comparesto maximumdynamic pressure(13 km) conditions oF 158 dB

!i_ for flare-induced shockoscillatlon and 165 dB for protuberance-induced
t

l separatedflow.i:i

i • Shock oscillation levels exceed thoseFora r[gld flare by lesseramounts

as altitude increasesabove 18 km.

• Homogeneousseparated Flow pressurefluctuations _nducedby the SRB

plume are comparable to those for a rigid Flare.

• Separation due to the orbffer enginesoccursat altitudes sufficiently high

that it maybe d_scountedasan importantfluctuating pressureenvironment.
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, Figure 4. Pressure Distribution for 25° Compression Ramp,
from Reference 13
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Figure 9. Universal Plume Shape, from Reference 25
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Figure 18. Static anc; Fluctuating PressureDistHbuHon Ahead of a

Three-Dimenslonal Protuberance, Showing Multiple
Eddy Structure. ;n S_'parafion Region
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WYLE LABORATORIES
COMPUTER PROGRAM DESCRIPTION

!i Program Number: 73/003P-1
i

ii Author: K.J. Plotkln
Date: February 1973

i_ Source Language: FORTRAN IV-H

XDS Sigma VComputer:
,i

:i I .0 PROGRAM TITLE

Plume Separation

2.0 PURPOSE

Given ax_symmetrlc launch vehicle and trajectory parameters, the program computes
properties relative to plume-lnduced separation. This includes separation length and
plateau pressure, plus various properties of the plume and parameters descrTbTng the
coupling to the unsteady pressure field.

3.0 METHOD
Ir

The analytic models incorporated in this program are descrlbed in detail in Wyle
Laboratories Research Staff Report WR 73-3.

4.0 COMPUTER CONFIGURATION

The required hardware is: XDS Sigma V computer with 16 k core, card reader, and
line printer.

5.0 PUNCHED CARD INPUT

Vehicle and trajectory parameters are input in metric units. Specific format for each
card _s as follows:

Card 1 - Descriptive title of vehicle. Up to 80 al_ohamertc characters

Card 2 - Columns 1-10: Veh;cleradluse meters
Columns 11-20: Total thrust, Newtons
Columns 21-30: Plume drag to thrust ratio
Columns 31-40: Exhaust gamma
Columns 41-50: Exhaust Mach number

Columns 51-60. Engine chamber pressure, N/m _

Format for each _temon th_scard ;s F10.0.

A-1
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Card 3 - Descriptive tltle of trajectory. Up to 80 alphamerlc characters

[i'i Card 4 -- N, the numberof trajectory polnts to be read and computatlons
,L performed for. Format I5

! I'"i. Cards5 through 4+N -- Trajectory parameters

t Columns 1-15: Time After LIft-Off, seconds
4 I._ Columns16-30: Altitude, kilometers

Columns 31-45: Flight Mach number

"_ 1 Columns46-60: Free-streamdynamic pressure,N/m 2
]

Format for each item on these cards is E15.10.
'I""

I 6.0 OUTPUT

I The first items output are a table of atmospherlcproperties and a table of separationconditions contained in the program. This is followed by output of the vehicle
parameterscontained in Card 2, prefaced by the title input in Card 1. Tk itle

" input in Card 3 is then printed, followed by a listing of the trajectory par_.,e_ers
input. Five (5) tables of computed properties are then printed. Each of these
tables consistsof the tlme after llft-off, followed by varlous properties. The
printout is sufficlently annotated so as to be self-explanatory; the column headings

! are FORTRAN representations of various expressionsdefined in WR 73-3. A sample
• output list is presentedherein. Written below each column is the exact notatlon

used in WR 73-3, or a definition for those items not specifically denoted in the report.

It should be noted that the prog:am doesnot expllcltly indicate whether or not the flow

j is separated. The output listing mustbe examined to determine thls. The computed-- values represent separated flow when the plume angle is greater than the separation
angle. In the sample output, flow is not separated at 84 seconds, but is at all other
computation times.
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